The material employed in this study is an ecoefficient, environmentally friendly, chromium (VI)-free (noncarcinogenic) metal polymer. The originality of the research lies in the study of the effect of new production procedures of salmon on metal packaging with multilayer polyethylene terephthalate (PET) polymer coatings. Our hypothesis states that the adhesion of postmortem salmon muscles to the PET polymer coating produces surface and structural changes that affect the functionality and limit the useful life of metal containers, compromising therefore their recycling capacity as ecomaterials. This work is focused on studying the effects of the biochemical changes of postmortem salmon on the PET coating and how muscle degradation favors adhesion to the container. The experimental design considered a series of laboratory tests of containers simulating the conditions of canned salmon, chemical and physical tests of food-contact canning to evaluate the adhesion, and characterization of changes in the multilayer PET polymer by electron microscopy, ATR, FT-IR, and Raman spectroscopy analyses. The analyses determined the effect of heat treatment of containers on the loss of freshness of canned fish and the increased adhesion to the container wall, and the limited capability of the urea treatment to remove salmon muscle from the container for recycling purposes.
Introduction
There is currently a dispute regarding biosafety in the salmon farming industry due to the loss of freshness of canned fish, as evidenced by changes in pH and index value, and the adhesion of small muscle portions to the protective polymer coating of the container walls. Spoilage has eventually an impact on polymer coatings regarding their ecomaterial capabilities for recycling due to the surface changes undergone by the polymer [1] [2] [3] [4] [5] .
This work evaluated the effect of the salmon farming processes on the performance of metal-polymer composites coated with low-permeability, homogeneous polymers employed in salmon canning.
The release of ammonia compounds, hydrogen sulfide, and mercaptans (indole, skatole, and other sulfur-containing chemical compounds) is indicative of the microbiological spoilage of fish and depends on the storage temperature [6] [7] [8] [9] [10] .
Such release generally tends to produce chemical changes on the industrial molecules and is strongly related to the crystallinity of polymers; thus, polyethylene terephthalate (PET) polymer coatings may degrade under extreme conditions [11] [12] [13] [14] .
This study addresses the impact of the new aquaculture production practices on polyethylene terephthalate (PET) coatings protecting electrolytic chromium coated steel (ECCS) plates, employed as canning materials, resulting from the biochemical changes undergone by the postmortem salmon and its adherence to the can walls; therefore, it is essential to determine the freshness degree of canned salmon fish and its influence as a factor of adhesion.
These are fundamental topics focused on the basic understanding of the mechanics and physics of structural and functional materials at different length scales to accurately determine their properties in relation to the underlying multimaterial microstructures.
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To ensure sufficient shelf life, canned food is heat-treated by steam, steam-air mixtures, water, or spraying water. The coldest spot in the can is used as the reference point to determine whether the cans have received an adequate heat treatment. The heat treatment should ensure the inactivation of microorganisms that cause food poisoning and spoilage. The amount of heating needed in the coldest spot of the packaged food is in the range 4-12 min at 121 ∘ C for some typical canned food products [11, 15, 16] . As a consequence of this heat treatment, some packed food products can partly adhere to the can wall.
An important aspect to consider is the production of energy in the postmortem muscle, where the oxygen supply to the muscle tissue is interrupted and then the energy production is restricted. The glycogen (storage carbohydrate) or fats are oxidized in a series of reactions which finally produce carbon dioxide (CO 2 ), water, and adenosine triphosphate (ATP). This type of respiration occurs in two stages: anaerobic and aerobic. The latter depends on the continuous presence of oxygen (O 2 ), only available in the circulatory system [17] . Postmortem glycolysis results in the accumulation of lactic acid with the concomitant decrease in muscular pH.
Bistac et al. [18] found several factors that affect mackerel adhesion to lacquered can walls. The reported effects clearly indicate that proteins are the major cause of this adhesion. Proteins consist of chains of covalently bound amino acids. Four types of bonds can be formed between the amino acids residues: covalent, electrostatic, hydrogen, and hydrophobic bonds [19] . These bonds are responsible for the structure of the native protein. During the heat processes, these interactions, especially the noncovalent bonds, are partly broken and hence they become available for interaction with, for instance, the surface of a can wall.
This study is focused on an integral view of the problems and considers recent new researches to integrate every necessary aspect for the optimization of multilayer materials used in salmon containers, which are subject to changes due to the canning processes employed to improve their commercialization, enhance sustainable recycling, and reduce energy consumption [20] .
Methodology
The standard manufacturing protocol was employed to determine the salmon adhesion to the PET coating of the container and the morphological and chemical changes in the multilayers. Food cans were manufactured employing 50 mL of 2.5% NaCl solution, sterilized at 120 ∘ C for 60 minutes, immersed in warm water bath ranging from 50 ∘ C to 80 ∘ C prior to sterilization, and stored for one week at 20 ∘ C before opening. The adhesion of salmon was determined by subtracting the weight of the can after cleaning with detergent and water from the weight of the can with portions of flesh attached to the polymer after emptying the container. The protein denaturation step or removal of muscle material from the PET surface was performed by soaking the emptied cans in 6 M urea solution, since urea is well known for its capacity to form hydrogen bonds and is therefore used to unfold proteins.
A number of parameters typical of the analysis of fish spoilage were considered to estimate the freshness of canned salmon. These parameters were referred to as value and pH.
The value is an important index for assessing the freshness quality of postmortem salmon. Nucleotide degradation analysis can be used to determine the degree of fish freshness before spoilage commences. This value can be obtained by calculating the concentration of nucleotides, inosine and hypoxanthine, in the muscle. Homogenized samples of salmon muscle were prepared with trichloroacetic acid. The homogenized sample was centrifuged and the supernatant was neutralized with 1 M potassium hydroxide. Later, the value was determined by high-performance liquid chromatography (HPCL); the nucleotide concentration in the samples was assessed using a C8 reversed-phase column with phosphate buffer at pH 3.0 as the mobile phase. The flow was maintained at 1 mL/min and measured at a wavelength of 254 nm.
The variations in the acidity of the solution resulting from the loss of freshness of canned salmon were measured in situ by the Unisense pH microelectrode.
The morphology of the composite's constituting layers was characterized by SEM to assess the level of degradation, intending to determine the relationships between surface structure and adhesion of salmon to the PET.
The changes in the multilayers were characterized by vibrational spectroscopy: ATR, FT-IR, and Raman. These techniques have proven extremely reliable and useful in the chemical fingerprinting of a wide range of materials employed in several applications [21] [22] [23] [24] . The Raman analyses considered the employment of two back-illuminated fiber-coupled spectrometers featuring 633 nm and 785 nm wavelengths. The experiment considered mainly the data gathered with the 785 nm spectrometer. This device consisted of a multimode fiber laser BWTEK BRM-OEM-785 (785 nm), a Raman head BWTEK BAC100-785E, and an objective lens Zeiss Epiplan 50X/0.50 infinite/0 44 28 50 (focal length). The maximum output of the laser through this lens was approximately 165 mW; the laser spot diameter measured on the samples was 48 microns. The spectrometer employed was a BWTEK Prime T BTC661E-785CUST, covering a spectral range 0-3000 cm −1 , with a spectral resolution of 5 cm −1 , and the detection was performed by a CCD Hamamatsu S10141-1107S operating at −10 ∘ C. Several analyses were made to determine the chemical and orientation changes of the molecular chains and/or atomic rearrangements; in addition, atomic absorption measurements in the PET polymer were also performed.
Results and Discussion

Evaluation and Characterization of the Loss of Salmon
Freshness and Adhesion to the PET Surface. Variations in canned salmon pH affect the PET surface and adhesion to the container wall in time. Figure 1 shows the pH gradient measurements of preserved salmon using Unisense pH microelectrode.
The in situ measurements reflected the acidity of the solution in the food container with changes from the head space of the container to the bottom thereof, with evident variations from neutral to acid in areas of adhesion and around the PET polymer surface.
The following results were obtained after emptying the container, when determining adhesion of salmon to polymercoated can walls: a slight increase in the percentage of salmon muscle adhering to the PET-coated can wall was observed with longer storage times. The percentage of adhesion for the samples analyzed was in the range 2.5-4%. The batch of cans stored for a period of 11 months showed the greatest adhesion. Possibly, this adhesion may have been enhanced by higher canning or storage temperatures. The lowest amount of adhesion was observed in cans opened after 4 months of storage. These results indicate that the major cause of salmon adhesion was mainly related to physical flaws on the PET surface, such as bends and micropores, as evidenced by electron microscopy observations. These surface defects may have favored a major role of the chemical interactions between the polymer coating and the proteins of salmon (Figure 2) .
The following interaction has been suggested for the adhesion of proteins to PET: the carbonyl group in the ester bond of the PET coating is engaged to form hydrogen links with the amino group of the protein, which would explain the adhesion of salmon to the food container (Figure 3 ).
According to Fletcher et al., the value ranges from approximately 36% for fresh salmon to 73% for spoiled raw material. The results obtained indicated that canned salmon samples were within acceptable levels ( Figure 4) ; however, those values were close to the maximum limit where loss of freshness occurs. The morphological characterization of salmon tissue adhered to the polymer showed not only the adhesion of physical portions of raw material related to the surface roughness and flaws of the coating but stronger long-lasting bonds. 
Evaluation of Chemical and Structural Changes of the PET Coating by Vibrational Spectroscopy: ATR, FT-IR, and
Raman. In this work we intended to identify any changes occurring on the polymer in contact with the salmon tissues and also explore the possibility of contamination. Sample M1 is from salmon tissue adhered to the container wall and sample M2 is from muscle treated with urea. Figure 5 shows the spectroscopy results of samples M1 and M2; the last digit refers to their position on the images.
FT-IR.
FT-IR spectra were measured on different points of the sample with a PerkinElmer Spectrum 100 spectrometer equipped with a universal ATR accessory. These points were very similar to those employed in the Raman spectroscopy analyses in order to determine differences and similarities between the results of both methods. The nomenclature of the spectra followed that established in Figure 5 and, in general, spectra were taken from areas without remains of salmon, areas with stains arising from the contact with salmon, and areas with small portions of salmon adhered to the surface. In the case of sample M2, no appreciable areas of the latter type were found. Figure 6 shows some of the differences observed between the spectra of M1, corresponding to muscle naturally adhered to the can wall, and M2 belonging to the urea-treated container to detach the salmon flesh and where no appreciable remains of salmon can be seen.
These differences were clearly associated with the presence of urea in the sample M2 with residues easily noticeable: bands V(NH) at 3220 and 3360 cm −1 , the V(C=O) band at 1676 cm −1 , and deformation bands (NH2) at 1630 and 1595 cm −1 , respectively. That is, the protective polymer allowed for the adhesion of salmon on certain given areas depending on the heterogeneity of the surface, defects, and pores. The urea solution treatment was not able to detach all of the material adhered to the polymer surface and small residues remained attached as indicated by the FT-IR analyses.
Even though the spectra are fairly homogeneous within each sample, the spectroscopy analyses are capable of characterizing them for quality control purposes of the canning processes. Thus, Figure 7 shows the spectra taken at points where salmon muscle adhesion was clearly visible (points 8 and 9 in Figure 5 ) and hardly noticeable (point 6 in Figure 5 ) in sample M1, demonstrating the sensitivity of the spectral analyses performed. The spectrum of PET in points 8 and 9 remains largely concealed; however, the C=O band of the protein at 1743 cm −1 can be easily seen. In point 6, this band appears as a shoulder of the C=O band of PET. Figure 8 shows the microRaman spectral measurements made in nondegraded areas of samples M1 and M2, respectively, whose references to points in Figure 5 can be seen in the upper right side. In some spots, such as point 5 in sample M2 (M2-P5), the concentration of urea was very high as indicated by the most intense band observed at 1013 cm −1 . Also the bands at 136, 548, and 1541 cm −1 were also detected. In other spots the intense band of urea was observed as a shoulder of the 1003 cm −1 band of PET. These results showed that the distribution of the residual urea on the PET surface was not homogeneous. No bands from urea were detected in sample M1 and, in general, the spectra observed were quite homogeneous and represented the structure of PET. Figure 9 shows the micro-Raman spectra from areas degraded by salmon adhesion in sample M1 and compares them with the spectrum taken at a nondegraded spot (point P1). Even though the spectra are similar, those bands corresponding to adhered salmon muscle can be easily distinguished. These bands can be seen at 960 cm Figure 9 : Micro-Raman spectra from areas of salmon adhesion in sample M1; points 01, 08, and 09 in Figure 5 . −225 400 600 800 1000 1200 1400 1600 1800 Figure 10 : Micro-Raman spectra at grey areas of sample M2 where salmon adhesion was observed. Spectral plots P1, P8, P12, and P14 correspond to points 01, 08, 12, and 14 in Figure 5 .
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therefore determine if the polymer surface has undergone any damage. The above values indicated no significant effects on the polymer surface structure; however, it was possible to characterize the different areas of the samples. Nevertheless, band 960 cm −1 can be attributed to the symmetrical vibration of the phosphate group, possibly resulting from the contamination of salmon during the canning process; therefore, Raman spectroscopy becomes a useful tool by showing the presence of elements potentially threatening the human health or affecting the PET surface and the recycling capabilities. Work is in progress to identify the spectral characteristics of different parts of salmon. Figure 10 shows a similar analysis that was performed on sample M2, comparing grey areas where visual remains of salmon were observed with clear areas (P1). No evidence of Raman bands was observed as a consequence of the urea treatment. The urea band at 1013 cm −1 was observed as a shoulder of the 1003 cm −1 band of PET, as previously mentioned.
The most outstanding of these results was the presence of urea in almost all the spots of sample M2, with the characteristic band V(CN) at 1003 cm −1 and variable intensity. Even though salmon residues were persistent after the urea treatment, no bands were seen for salmon muscle; however, the urea employed to remove the salmon residues could be identified on the PET surface.
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The degradation of PET coatings by salmon muscle is time dependent and it can be further monitored using local techniques with higher spatial resolution. In this sense, electron probe microanalyses (EPMA) can be used to collect qualitative and quantitative elemental information to establish the composition of small areas on specimens at a nanoscale level. In addition, Kelvin probe force microscopy (KPFM) can be a useful tool to study the composition and electronic state at the surface of materials.
Conclusions
This study evaluated the adhesion of salmon to PET polymer coatings employed in canning processes in order to understand this physicochemical phenomenon and hence minimize adhesion for the benefit of consumers.
Thermal treatment of containers is directly related to the loss of freshness, understood as the lack of ability to meet sensory and chemical requirements for a long shelf life, as indicated by pH and index values. Fish spoilage facilitates adhesion of salmon tissue to the container wall; proteins are responsible for the formation of bonds between the PET coating and salmon muscle, and the application of urea makes evident the presence of noncovalent bonds due to the easy removal of the remaining tissue.
The morphology characterization of the PET polymer in areas of salmon adhesion by scanning electron microscopy (SEM) showed a homogeneous contact surface; however, surface pores, roughness, or polymer microfolds favored adhesion of muscle proteins to the container.
Spectroscopy analyses showed the presence of PET and rutile, as well as salmon tissue adhered to the polymer surface. Areas with salmon adhesion or surface degraded showed small microstructural changes; the PET polymer with small traces of urea did not show the same crystallinity, as indicated by the low Raman frequencies. This would prove that the urea solution activity causes changes on the polymer, compromising its functionality in degraded areas.
Finally, the vibrational techniques allowed the understanding of the adhesion mechanisms of salmon to polymercoated can walls and discerning the changes undergone after the urea treatments employed to minimize the amount of salmon adhering in salmon canning processes.
